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Introduction Experiment Conclusions

COORDINATION

I What is motor coordination?
I Motor coordination is when several parts of a movement

or several body parts work together
I What does it mean for several parts to work together?
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COORDINATION

I Children are an ideal population for studying coordination
(or lack thereof)

I By looking at a range of ages, we can see how different
types of coordination develop
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REDUNDANCY IN GRASPING

I Redundancy = more solutions than necessary
I When grasping, we are required to solve (at least) these

mostly redundant problems:
I Select grasp points for a particular task
I Select the posture of the hand
I Select the stiffness properties of the fingers and grasp
I Coordinate the grip and tangential forces of the fingers
I Share the force produced by multiple fingers

I and ideally do this in an efficient / optimal way
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DEGREES OF FREEDOM PROBLEM

There are many degrees of freedom in the hand
> 20 joints

Large
number of muscles

Many to one
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DEGREES OF FREEDOM PROBLEM

Repetition without repetition



Introduction Experiment Conclusions

WHAT IS A SYNERGY

I Usual definition of a synergy = two or more things
working together, to produce more than they could alone



Introduction Experiment Conclusions

WHAT IS A SYNERGY

I Muscle synergies = pattern of muscle coactivation
recruited by a single neural command
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IS A TABLE A SYNERGY?



Introduction Experiment Conclusions

UNCONTROLLED MANIFOLD (UCM)
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PREHENSION SYNERGIES

A prehension synergy
I is a combined change of finger

forces and moments during
multi-finger prehension tasks

I adjusts to changes in task
parameters

I compensates for external or
self-inflicted disturbances
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UNCONTROLLED MANIFOLD (UCM)

I The uncontrolled manifold approach (Scholz and Schöner,
1999) can be used to explain the variance observed when a
given task has more degrees of freedom than necessary.

I We calculate which changes from the average (mean)
performance that do not affect the goal of the task.

I Then the variance that does not change the performance
variable (VUCM - “good” variance) and variance that does
change the performance variable (VORT − “bad′′variance)
can be calculated.
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CALCULATION OF THE GOOD AND BAD VARIANCE

I Consider a task where the subject has to control the total
force, which is the sum of the force produced by two
fingers.

dFTOT =
[
1 1

]
df

where

df =

[
dfi
dfm

]
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CALCULATION OF THE GOOD AND BAD VARIANCE

I We now consider combinations of force produced by the
fingers that do alter the total force, i.e.

0 =
[
1 1

]
ei

I This is the null space of this transformation.
I For two fingers, this is: [

−1
1

]
I i.e. When the changes in one finger cancel out the changes

in the other fingers
I When there are more fingers, the changes are more

complicated
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CALCULATION OF THE GOOD AND BAD VARIANCE

I We project the mean-free modes onto these directions, and
sum them to find the good variance

f|| =
n−p∑
i=1

(
ei

T · df
)

ei
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CALCULATION OF THE GOOD AND BAD VARIANCE

I To calculate the good variance, VUCM, we calculate the
amount of this variance per degree-of-freedom (DOF)

VUCM =

∑
|f|||2

(n− p) Ntrials

I The bad variance is calculated in a similar way:

f⊥ = dm− f||

VORT =

∑
|f⊥|2

pNtrials
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CALCULATION OF THE GOOD AND BAD VARIANCE

I By comparing the relative size of the good and bad
variance, we can determine whether the fingers are acting
as a synergy

I good variance > bad variance: the fingers are correcting each
other, so we call this a synergy

I good variance ≈ bad variance: we do not see a synergy - the
fingers are acting independently

I bad variance > good variance: destabilizing synergy - the
fingers are producing highly correlated movement, so
errors are amplified
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REACH TO GRASP COORDINATION

I The reach-to-grasp movement essentially has two
components:
I Transport component - bring the arm to the right place
I Grasp component - shape the fingers in preparation for

grasping the object

I Coordination of these two components is observed in
adults and develops throughout childhood, as quantified
by arm velocity (transport) and grip aperture (grasp)
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REACH TO GRASP COORDINATION

Kuhtz-Buschbeck et al. (1998)



Introduction Experiment Conclusions



Introduction Experiment Conclusions

REACH TO GRASP COORDINATION

I With development, we observe
I a stereotypical pattern of coordination of hand velocity and

grip aperture
I a reduction in variation
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ACUTE HEMIPARETIC STROKE PATIENTS
LANG ET AL., 2005

Peak aperture rate was the maximum aperture rate (how
fast the thumb and index finger tips opened/closed) at-
tained during the movement. Aperture at touch was the
distance between the thumb and index finger tips at the
end of movement. Aperture path ratio, a measure of
how directly the thumb and index fingers closed, was
calculated as the ratio of the length of the aperture curve
actually traveled to an ideal straight line between the
first peak of the aperture trace and the aperture at the
end of movement. An aperture path ratio of 1 represents
a single, smooth closing of the thumb and index fingers
(normal) and an aperture path ratio of >1 represents
abnormal closing of the fingers, typically seen when
subjects made multiple attempts to open and close the
fingers on the target. If a subject was not successful in
grasping the target, this would be reflected by small peak
aperture rates, apertures at touch that were much larger
than the diameter of the object, and/or high aperture
path ratios. Additional variables used to quantify
movement performance were: (1) movement time, (2)
peak aperture, and (3) % of movement time when peak
aperture occurred.

Reach and grasp are movements of two different
metrics, i.e. absolute movement distances, speeds, and
degrees of accuracy and efficiency required to success-
fully complete the two tasks are different. To evaluate
the relative deficits in reaching versus grasping, measures
of performance were normalized based on data from the
control group. Control group means and standard
deviations for measures of speed, accuracy, and effi-
ciency were used to convert the scores from hemiparetic
subjects into z-scores, where 95% of the healthy popu-
lation would be expected to be within ±2 z-scores.
Statistica software (Version 6.1, Statsoft Inc., Tulsa,
Okla., USA) was used for all statistical analyses and the
criterion for significance was set at P=0.05. Because we

did not want to make assumptions about the linearity of
relationships, Spearmann rank correlations were be used
to determine if relationships existed between reach and
grasp movement characteristics. Mann–Whitney U-tests
were used to compare the performance of the hemipa-
retic group to the control group. Wilcoxon matched
pairs tests on the z-scores for the performance variables
of speed, accuracy, and efficiency were used to determine
if the grasp and reach were equally affected in the
hemiparetic group. Additionally, 2·2 ANOVAs with
one within group factor (movement: reach versus reach
component of reach-to-grasp) and one between group
factor (hemiparetic versus control) were used to deter-
mine if the speed, accuracy, and efficiency of the reach
movement were different from the speed, accuracy, and
efficiency of the reach component of the reach-to-grasp
movement. Group values presented in the Results sec-
tion are means±SD unless otherwise indicated.

Results

Reach and reach-to-grasp movements were studied in 39
hemiparetic (Table 1) and ten control subjects. Visual
inspection of MR or CT images for each subject indi-
cated that (1) damage to the corticospinal system oc-
curred at various locations (e.g. basis pontis, internal
capsule, corona radiata, cortex), (2) lesions varied in
size, and (3) damage was not restricted to just corti-
cospinal system structures. Approximately 40% of our
subjects had possible or identifiable damage to some
part of the parietal lobe, typically the anterior portion.

Figure 1 shows sample reach (thin line) and reach-to-
grasp (thick line) trials from a control subject (A) and a
hemiparetic subject (B). Data from this hemiparetic
subject was typical of mid-range performance in our

Fig. 1 Sample reach (thin line)
and reach-to-grasp (thick line)
trials for a control (A) and a
hemiparetic subject (B). Wrist
position is in the vertical
dimension and wrist velocity is
the three-dimensional resultant
velocity. Aperture is the
distance between the thumb and
the index fingertips. Note that
the aperture scale (y-axis,
bottom panel) in A spans twice
the range of the aperture scale
in B. Asterisk (*) indicate the
end of movement (touch) for
reach in the wrist position
traces and the end of movement
for reach-to-grasp in the
aperture traces
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ACUTE HEMIPARETIC STROKE PATIENTS
LANG ET AL., 2005

hemiparetic group. While the hemiparetic subjects often
made more corrective movements than controls during
the reach as seen in the wrist velocity traces (middle
panels), they appeared to have greater difficulty opening
and closing the fingers during grasping, as seen in the
aperture traces (bottom panels).

Movement timing and grasp aperture

Performance of the reach and reach-to-grasp movements
was highly variable both within and across hemiparetic
subjects, compared to performance in the control group.
Variability in movement time across hemiparetic sub-
jects is illustrated in Fig. 2a, where each data point
represents one hemiparetic subject (values are the means
of three trials of each movement). The rectangle in this
and subsequent panels represent normal performance,
such that the center of the rectangle is located at the
mean of control values for the two variables and the

dimensions of the rectangle represent ±2 SDs around
this mean. While a few hemiparetic subjects completed
the movements as quickly as controls, most subjects
took longer (compared to controls, Preach<0.0001,
Pgrasp<0.0001). Hemiparetic subjects who had longer
reaching movement times were often the same subjects
who had longer reach-to-grasp movement times
(r=0.514, P<0.05).

For the reach-to-grasp movement, the control group
had a peak aperture of 125±18 mm and the time of peak
aperture was 41.6±5.3% of movement time, somewhat
earlier than typically reported for healthy control sub-
jects (55–75%, Jeannerod 1984; Jakobson and Goodale
1991; Paulignan et al. 1991; Gentilucci et al. 1994).
Compared to the control group, the hemiparetic group
had greater variability in both peak aperture and the
time of peak aperture (Fig. 2b). The mean hemiparetic
peak aperture was 101±30 mm and the time of peak
aperture was 29.6±25.0 % of movement time (com-
pared to controls PPkAp=0.026, PTimePkAp=0.244).
Time of peak aperture was 0% of movement time for six
of the hemiparetic subjects, where the largest aperture
attained was due to passive forces on the fingers in the
start position (hand resting on lap). The lower and more
variable peak aperture values reflect the difficulty hemi-
paretic subjects had in opening their fingers to shape the
hand prior to grasping. Subjects who had lower peak
aperture values were often the same subjects that had
earlier times of peak aperture (r=0.581, P<0.05).

Speed, accuracy, and efficiency of reach versus grasp

We quantified speed, accuracy, and efficiency—three
important characteristics for functional perfor-
mance—of the reach movement and the grasp compo-
nent of the reach-to-grasp movement (Fig. 3). Speed was
the most variable of the three characteristics for the
control group, as can be seen by dimensions of the
rectangle in Fig. 3a. Compared to the control group,
the hemiparetic group had a lower average peak wrist
velocity (627±364 versus 1181±415 mm/s for controls,
P=0.001) and a lower peak aperture rate (124±96
versus 348±127 mm/s for controls, P<0.0001). Within
the hemiparetic group, the speed of the reach (peak wrist
velocity) and the speed of the grasp (peak aperture rate)
were correlated (r=0.767, P<0.05).

Accuracy of the control group’s movements was
similar in the reach versus the grasp, as demonstrated by
the fact that all control subjects always touched or
grasped the target in every trial. Accuracy of the hemi-
paretic group’s movements, however, was quite variable
in the reach versus the grasp (Fig. 3b). Average reaching
endpoint errors appeared larger in the hemiparetic
group (68±93 mm) compared to the control group
(20±4 mm), but the two groups were not statistically
different (P=0.487). Grasp apertures were larger in the
hemiparetic group (58±17 mm) compared to the con-
trol group (40±8 mm, P=0.0004). Some hemiparetic

Fig. 2 (A) Movement times of reach (y-axis) versus reach-to-grasp
(x-axis). (B) Peak aperture versus time of peak aperture during the
reach-to-grasp movement. Data points represent individual hem-
iparetic subjects. Rectangles represent control group performance,
such that the center of the rectangle is located at the mean of
control values for the two variables and the dimensions of the
rectangle represent ±2 SD around this mean
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GRIP FORCE-LOAD FORCE COORDINATION

Forssberg et al., Exp. Br. Res, 1991



Introduction Experiment Conclusions

GRIP FORCE-LOAD FORCE COORDINATION
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GRIP FORCE-LOAD FORCE COORDINATION
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GRIP FORCE-LOAD FORCE COORDINATION
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GRIP FORCE-LOAD FORCE COORDINATION

I Adult grasping is characterized by coordinated load and
grip force

I Grip force and load force start at approximately the same
time

I There is a single peak in the grip force rate, suggesting a
good prediction of the forces needed

I These stereotypical properties develop over childhood
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HEMIPARETIC STROKE PATIENTS
RAGHAVAN ET AL., 2006

and the correlation analyses [a = (number of variables * 0.05)/c] was
set to P < 0.017.

Results
Planning of precision grasp: anticipatory
scaling of peak load and grip force rates
Planning of precision grasp was first investigated by examin-
ing anticipatory scaling of peak LFR and peak GFR to object
weight with the right hand. Second, to separate anticipatory
scaling from execution-related measures, we examined trans-
fer of anticipatory scaling from the left to the right hand
(described below). Figure 2 shows force, force rate and
position trajectories for lifting the light and heavy object

on the fifth lift with the right hand, and the first lift with
the right after left hand, in a control subject and a patient with
stroke. on lifting with the right hand, the control subject
(Fig. 2A) produced higher peak LFR and peak GFR for the
heavy object (solid lines); however, the patient with stroke
(Fig. 2B) produced similar peak LFR and peak GFR for both
the light and heavy object, even after four prior lifts. Thus,
although the force-rate profiles were single peaked, anticipa-
tory scaling to object weight was not seen. On lifting with the
RIGHT AFTER LEFT hand, the control subject (Fig. 2C)
produced higher peak LFR and peak GFR for the heavy
object, implying transfer of anticipatory scaling. The patient
with stroke (Fig. 2D) also produced higher peak LFR and
peak GFR for the heavy object with the RIGHT AFTER LEFT

C
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Fig. 2 Fingertip force, force rate and object position trajectories from a control subject and a patient with stroke (No. 3) are shown for the
fifth lift with the right hand (A and B), and the first lift with the right hand after five lifts with the left hand (C and D), for lifting the light
(dashed traces) and heavy (solid traces) object.
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COORDINATION OF FINGER FORCE SHARING

I While the development of reach-to-grasp kinematic
coordination, and grip-force / load-force coordination are
well understood, the development of force coordination is
not well understood

I Very few studies have been performed in children using
the UCM, and there have not been any studies looking at
the development of the UCM in children

I In this study, we aim to track the development of finger
force synergies in children, and test whether it predicts
motor ability from standard tests
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EXPERIMENT

I We measured finger force coordination in children
I This is part of a larger project comparing typically

developing children with children with developmental
and acquired brain injury

I We tested 60 children aged between 4 and 12
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EXPERIMENT - THE TASK

I In the experiment, we measured the finger force from the
four fingers (not the thumb)

I The setup is designed to only measure forces from the
fingers
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EXPERIMENT - THE TASK

I We measured the forces using four unidimensional
piezoelectric force sensors (PCB 208C01)
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EXPERIMENT - THE TASK

I Typically we use force ramps in these experiments
I The cursor moves from left to right at a fixed rate
I The height is proportional to the force produced



Introduction Experiment Conclusions

EXPERIMENT - THE TASK



Introduction Experiment Conclusions

EXPERIMENT - THE TASK
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EXPERIMENT - THE TASK

I For each subject, we initially measured the maximal
voluntary contraction (MVC), 3 times

I This allows us to normalize the task for each subject
I We set the top of the screen to equal 25% of the MVC
I In this way, we make the task equally difficult across

subjects, and prevent fatigue
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EXPERIMENT - INCLUSION CRITERIA

I Age 4-12
I Male and female children
I Able to understand instructions
I Child and parent / guardian gave consent
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EXPERIMENT - EXCLUSION CRITERIA

I Illness or injury that causes weakness
I Known orthopedic or neurological problems
I Uncorrected vision problems
I Development, cognitive or language impairment
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EXPERIMENT - OTHER MEASUREMENTS

I Box and blocks - both hands
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EXPERIMENT - OTHER MEASURES

I Jebsen-Taylor: 6 parts (without writing) - both hands
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EXPERIMENT - JEBSEN TAYLOR

I Turning over 3 inch * 5 inch cards (7.6 cm * 12.7 cm)
I Picking up small common objects (paper clip, bottle cap,

coin)
I Simulated feeding using spoon and five kidney beans
I stacking checkers
I picking up large light objects (empty tin can)
I picking up large heavy objects (full tin can)
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EXPERIMENT - OTHER MEASURES

I Conners (ADHD)
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ANALYSIS

I We applied a fourth order two-way lowpass Butterworth
filter at 4 Hz

I We did not use the first two repetitions (as subjects were
learning the task)
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ANALYSIS
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I To identify movement initiation, we start at 50% of peak
force, and go backwards until we reach 5% of peak force

I The drop-off of force at the end of the movement is found
by checking if there is a large negative peak in the last 20%
of the movement - if so, we go backwards to find the
force-rate zero crossing (force peak)
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ANALYSIS - SINGLE TRIAL UCM

I UCM usually calculates the variance across multiple trials
I However, with children, the performance (and probably

strategy) varies a lot across trials, and it would be difficult
to get them to perform so many repetitions

I Instead, we perform single trial UCM
I We de-mean each of the forces to compare the fluctuations

between fingers
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ANALYSIS - SINGLE TRIAL UCM
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EXPERIMENT - RESULTS (DEMOGRAPHICS)
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EXPERIMENT - RESULTS (BOX AND BLOCKS)
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EXPERIMENT - RESULTS (BOX AND BLOCKS)
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EXPERIMENT - RESULTS (JEBSEN-TAYLOR)
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EXPERIMENT - RESULTS (JEBSEN-TAYLOR)
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EXPERIMENT - RESULTS (MVC)
I The subjects were requested to press as hard as they could

with all four fingers between 2 beeps (5 seconds apart)
I The maximum force from 3 repetitions was selected
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EXPERIMENT - RESULTS (MVC)
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EXPERIMENT - RESULTS
The children were able to perform the task (more or less)
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EXPERIMENT - RESULTS

There was an improvement in performance with age
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EXPERIMENT - RESULTS
This improvement is not due to less force rate peaks
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EXPERIMENT - RESULTS (FINGER SHARING)

The index and middle fingers did most of the work
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EXPERIMENT - RESULTS (FINGER SHARING)
The sharing became more equal with age
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EXPERIMENT - RESULTS (MEAN DELTA V)
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EXPERIMENT - RESULTS (EXAMPLE - LOW)
Lowest ∆V = −0.7. Example of the “fork” strategy
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EXPERIMENT - RESULTS (EXAMPLE - HIGH)
Highest ∆V = 0.59. Independence of the fingers
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EXPERIMENT - IS THERE LEARNING?
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EXPERIMENT - IS THERE LEARNING?

0 5 10 15 20
−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1
∆

 V

Trial

 

 

Young

Old



Introduction Experiment Conclusions

WHAT PREDICTS ∆V?

I We observed that there is a significant correlation between
age and ∆V

I We tested if any of the behavioral measures could also
predict ∆V

I The best correlation was found to be with the right hand
box and blocks score (R2 = 0.39, p < 0.0001)
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WHAT PREDICTS ∆V?
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WHAT PREDICTS ∆V?

I However, if we remove the effect of age, none of the
predictors are significant

I This can be seen using SEM (structural equation modeling)
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CONCLUSIONS

I When there are multiple effectors
in a redundant task, we can use
this redundancy to our
advantage

I This is known as motor
“abundance” (rather than the
degrees of freedom problem)

I We can use this abundance to be
more stable and flexible in
performing the task
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CONCLUSIONS

I In children aged 4 to 12, we observe an improvement with
age in the ability to take advantage of this redundancy

I The best correlation is observed with right hand box and
blocks performance, but not when controlled for age

I There does not seem to be a plateau in performance,
further testing with older ages (e.g. 12-20) would help
understand the development of this skill

I Repeated testing with the same subjects could also help
understand the connection between force coordination and
performance of functional tasks
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CONCLUSIONS: NEXT STEP

I We are now testing children with acquired and
development brain injury to understand the connection
between force coordination and performance of functional
tasks

I Testing of older children would be a good complement to
this study
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THANK YOU
I Collaborators on this project: Dr. Sharon Shaklai and Dr.

Aviva Bloch (Beit Loewenstein)
I Moran Levin - research assistant
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